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Abstract
Over the past 15 years, much progress has been made in the development of active optical devices in 
silicon on insulator. It is now, widely accepted that the free carrier effect is one of the most efficient 
modulation and switching mechanism in silicon, and also facilitates the potential advantages of 
combining optical and electronic devices onto a single substrate rather than using discrete 
components. Moreover, the providence of using existing silicon CMOS microelectronics fabrication 
technology and silicon's wide abundance has proved to be attractive.
The aim of this thesis is to report the results of an investigation into the design and fabrication of 
high speed silicon on insulator phase modulators using a pn junction inserted in a rib waveguide. An 
in depth analysis of the performance of several modulators operating using this principle is given.
We propose a micrometer sized polarisation independent rib waveguide modulator based on this 
principle. The device is predicted to require a pi phase shift of voltage of 10 volts for a length of 
2.5mm, with an operating bandwidth of over 15 GHz.
Another key result is the development of an improved modulator based on the same principle of 
operation but inserted in a submicrometer size rib waveguide. This specific device is also predicted to 
require a pi phase shift of voltage of 10 volts for a length of 2.5mm, but shows a much improved 
operating bandwidth of over 40 GHz.
In order to simplify the fabrication of a depletion type modulator, a third modulator design is 
proposed and fabricated. The junction is positioned laterally in order to avoid the need for a top 
contact and is formed using ion implantation. The device is based on a nano-wire rib waveguide and 
is inserted into a ring resonator. The reported bandwidth is 19 GHz in a ring with a diameter of 40 
microns.
Key words: pn junction, depletion based modulator, optical phase modulator, plasma dispersion 
effect, rib waveguide, silicon on insulator (SOI), silicon photonics.
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1 Introduction
1.1 Motivation
In the last few years computer processing power as increased tremendously and nowadays common 
desktop computers are able to achieve few billions of floating points operation per second (FLOPs). 
Recently Intel demonstrated an 80 core processor capable of delivering more than a Teraflops [1], 
paving the way for what tomorrows computing platforms could look like. Such a processing capability 
necessitate interconnects able to deliver information in excess of a Terabit per second. In this regard 
silicon photonic circuits, may be the technology of choice, primarily because of the potential 
attraction of integration of photonic functionality with electronics in a cost effective manner, but also 
because silicon on insulator substrates have proved successful for high volume processing of very low 
loss waveguides at the important wavelength of 1.3 and 1.55 ^m. Almost every optical circuit can be
replicated in silicon but in order to achieve the very high data rates stated above, the need to achieve 
a very fast and efficient optical modulation process in silicon is of the utmost importance.
1.2 Optical Modulators
Optical modulators in photonic circuits are usually implemented via devices that cause a direct 
change in optical intensity via absorption, or cause a change in the refractive index of the material 
(and hence the phase of a propagating wave), which can be converted to an intensity change via an 
interferometer or a resonant device. Such refractive index changes are typically produced via some 
applied electrical signal, and whilst the design of the modulator will determine the exact required 
change in refractive index, typically a change of at least the order of 10'4 is required to make the 
device viable at reasonable dimensions. The preferred means of implementing modulation is by the 
application of an electric field, because this implies little or no current flow (and hence low power)
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and a fast response time. The application of an electric field to a material can result in a change to 
the real and imaginary refractive indices.
A silicon modulator usually operates via the plasma dispersion effect, and is usually made up of an 
active device integrated into a waveguide. Depending on the structure of the active part of the 
modulator a forward or reverse bias is be applied, driving the carriers in and out of the region where 
the optical mode propagates. Based on these fundamentals, a device is then optimised in order to 
maximise metrics such as large bandwidth operation, high modulation speed, high modulation depth, 
small device size and low power consumption. There is an intensive effort by researchers worldwide 
to develop such active devices based on silicon. This work was initiated to study the possibility to 
achieve high speed optical modulation in silicon.
1.3 Thesis outline
The remainder of this thesis is structured in the following fashion.
Chapter 2 reviews the theory related to waveguide structure in silicon on insulator (SOI) and the 
optical phase modulator is introduced. This include fabrication of the base wafer material (SOI), 
single mode operation of a rib waveguide, polarisation independence, modulation mechanisms in 
silicon, and finally, introduces the fundamentals of optical modulation using interferometers and 
resonator structures. Chapter 3 reviews research performance to date of silicon-based optical 
modulators.
Chapter 4 introduces the device physics and the simulation tools used in this work to perform 
designs and simulations. Chapter 5 presents the devices modelled and discusses the modulator 
designs and simulation results.
Chapter 6 gives a summary of the fabrication steps employed to fabricate the devices studied in 
chapter 5 as well as the experimental techniques employed in this work such as experimental setups 
prepared for various measurements. Chapter 7 provides a discussion of the experimental results 
obtained in this work.
Finally the research covered in this thesis is concluded in chapter 8. In this work novel device designs 
in terms of waveguide and active structures were studied which will enable researchers to extend
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their knowledge of high speed optical modulation in SOI. A Summary of achievements is given and 
ideas for future research work are suggested.
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C h a p te r  2
2 Introduction to silicon photonics and modulation
principles
2.1 Silicon photonics and optical integration
Fibre optic is well established today due to the great capacity and reliability it provides, but it has a 
clear disadvantage in cost. Also components are typically large and expensive due to bulky fibre 
elements. This linked to the time consuming assembly and packaging required for precision of micro­
optics around or above 1 micron, led to the increasing interest of the possibility to build devices 
integrated within a block (or slab) of transparent material and, consequently benefit from the much 
smaller footprint in integrated optics or photonics. Ever since the earliest research on optical circuits, 
dating back to the 1970s, there have been visions of an optical superchip [2, 3], containing a variety 
of integrated optical components to carry out light manipulation (generation, modulation, detection, 
switching, filtering and amplification) (Figure 2-1). In the early days of integrated photonics the work 
was associated with ferroelectric materials such as Lithium Niobate (LiNb03), and lll-V 
semiconductors such as the Gallium Arsenide (GaAs) and Indium Phosphide (InP) based systems. This 
was mainly due to a large electro optic effect enabling high modulation speed in the case of Lithium 
Niobate (LiNb03), and the possibility to integrate a source and other critical components with 
electronics in the case of lll-V semiconductors.
coupler
laser diode
HBT, HEMT or, 
M ODFET
BiCMOS
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Figure 2-1: Silicon-based optoelectronic integrated circuits (OEIC) “superchip” ([2,3]))
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However, although optical technologies o ffer unprecedented data rates over long distances, they are 
designated primarily fo r high end applications. This is due to  a number o f factors, among them the 
technology used to  fabricate mainstream optical components and the lack o f immediate computing 
applications where copper tracks still provide the necessary bandwidth. Nowadays the mainstream 
electronic industry is based on the invention o f the transistor at Bell laboratories in 1947, to  which 
fo llowed the development of the electronic integrated circuit in 1959 and the firs t m icroprocessor in 
1971, is mainly based on the silicon substrate or silicon on insulator (SOI) technology. The dominance 
o f silicon as the semiconductor o f choice fo r m icroelectronics eventually led to  the investigation of 
silicon photonic circuits. This was primarily because o f the potential attraction o f integration w ith 
mainstream electronics and silicon technology, w idely abundant and documented, enabling 
integrated optics to  be fabricated in a cost effective manner. Such research began in the mid 1980s.
In order to illustrate these facts, 25 years o f silicon photonics research background led Luxtera [4], a 
company formed in 2001, to  make an im portant step forward towards silicon integrated optics in 
2005. At this date the "world 's firs t integrated photonic system on chip" [5] was announced (Figure
In this device 10 Gb/s optical communications fo r the firs t tim e were accomplished between silicon 
die. A new version o f this transceiver was recently proposed by Gunn et al [6] from  Luxtera enabling 
40Gb/s optical communication.
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Figure 2-2: World's first integrated photonic system on a chip [5]
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Contrary to lll-V semiconductors, silicon is inherently restricted as an optical material for two primary 
reasons. Firstly the indirect bandgap of silicon means that light emission from silicon is inefficient, 
and non-traditional techniques must be investigated if light emission is to be realised. Secondly and 
more importantly for the subject of our concern, the centro-symmetric crystal structure of silicon 
means that it does not exhibit a linear electro optic (Pockels) effect. Since this is the traditional 
means of implementing an optical modulator in a waveguide based device, modulation of the 
refractive index of silicon must be carried out in another way. This chapter discusses silicon as an 
optical material platform and the progress of optical modulation in silicon, which has been significant 
in recent years.
2.2 Silicon optical material platform
2.2.1 Silicon on insulator (SOI) fabrication process
It is now generally accepted that silicon on insulator (SOI) is the best platform to be used to fabricate 
silicon based integrated photonic devices. SOI wafers are precisely engineered multilayer 
semiconductor/dielectric structures that provide significant advantages in design, fabrication and 
performance of many semiconductor circuits. It also offers a high refractive index contrast multilayer 
material system, to enable the confinement of the light in a slab or rib waveguide. This makes it a 
very suitable platform to achieve integration of optical and electronic components on the same chip. 
SOI wafers can be produced by several methods. One of them is wafer bonding and is a fabrication 
method where the buried oxide is formed by directly bonding oxidized silicon with a second silicon 
substrate. This fabrication process brings together few methods. The simplest one is the brute force 
approach and consist to mechanically grind, lap and polish one of the wafer surfaces to the required 
thickness(valid for thick layers), the BESOI method where the wafer is etched up to a natural etch 
stop that has previously been introduced. Prominent examples include the smart cut technology 
from the company Soitec using hydrogen implantation to separate the wafer layer; the NanoCleave 
process where the separation of silicon is achieved via stress at the interface of silicon and silicon 
germanium alloy and finally, Etran a method using porous silicon and water cuting. A very different 
approach is the Separation by IMplantation of Oxygen (SIMOX) method. For this method, a high 
current oxygen ion beam forms a buried oxide layer via ion implantation. This followed by a high 
temperature anneal create a buried Si02 layer. Finally the seed method is also available wherein the 
topmost Si layer is grown directly on the insulator. The main two fabrication methods of interest for
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the electronic industry and potentia lly fo r silicon photonic research w ill now be discussed in more 
detail.
2.2.1.1 Separation by implantation of oxygen (SIMOX)
Separation by IM plantation o f Oxygen or (SIMOX) (Figure 2-3) was the firs t method to  be used to 
form  SOI structures w ith  an early a ttem pt dating back to  a 1966 published by Watanabe and Tooi [7]. 
Later in 1970 and in 1978, Izumi et al demonstrated firs t a device quality SOI structure and later a 
CMOS ring oscillator using the new material both based on the oxygen implantation technique [8]. 
They called the process form ing tha t structure SIMOX. In order to  achieve a thickness o f around 200 
nm o f silicon dioxide, an oxygen dose o f around 2X1018 ions.cm'2 is required. This dose is more than 
one hundred times higher than to  the typical implant dose utilized in device processing, which makes 
this process expensive and tim e consuming ,hence impractical when a th ick (above a micron) layer of 
buried oxide has to  be form ed. If a 200 nm buried layer thickness is acceptable fo r insulation of 
electronic devices, this is not the case in silicon photonics where a buried layer thickness o f more 
than a m icrometer is typically recommended, to  confine the light in the upper silicon layer and 
minimise optical power leakage in the slab.
Bulk silicon wafer A high tem perature furnace  
completes the form ation of
A)
q  the buried insulating layer of 
silicon dioxide
Oxygen ions are im planted to  
form  a layer w ithin the silicon 
wafer.
V
The top silicon layer will be 
used for active devices
B) S IM  O X -S O I W a fe r
Figure 2-3: Separation by IMplantation of Oxygen or (SIMOX) method
Nevertheless, although the SIMOX process can be seen as complex and an impractical m ethod to 
form  th ick buried layer o f silicon dioxide, it is interesting to  note tha t is does enable the form ation of 
patterned buried oxide. In the field of silicon photonics, this means tha t the form ation o f buried 3-D
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optical structures becomes a possibility, protecting the waveguide or device from  the external 
environm ent as well as leaving the surface o f the wafer clean o f processing marks in order to 
perform  fu rthe r processing. Extended research in this subject was performed by Koonath et al, Jalali 
et al and indukuri et al [9-21] from  2003.
2.2.1.2 Unibond SOI: Smart Cut process
The Unibond SOI Smart Cut process method was proposed by M.Bruel from  LETI in 1991 who filed a 
patent on the process to  form  th in  film  silicon layer tha t could be used to  form  SOI wafers. The Smart 
Cut process method is d iffe ren t from  other wafer bonding methods as it uses im plantation o f 
Hydrogen typically w ith  a dose higher than 5 X 1016 cm '2 (Figure 2-4) to  separate a th in  film  (silicon 
+thermally grown oxide) from  the seed wafer. Implanted hydrogen ions, produces fine microcavities 
in the silicon lattice and when the wafer is heated up to  400-500 °C, molecular hydrogen forms in the 
cavities leading the pressure to  build up to  a point o f fracture. This allows the wafer to  split along the 
hydrogen implanted plane, thus form ing a th in top crystalline silicon layer from  which the roughness 
is removed using a light touch polish.
Bulk silicon wafer
Splitting
B) Thermal oxidation
F) Annealing and CMP touch polishing
C)
Implantation of hydrogen
Flip and bond to the handle 
wafer
G)
D) SOI wafer
Handle silicon wafer
Figure 2-4: Unibond process
This method has many advantages as it enables a very accurate control o f both the buried oxide and 
silicon overlayer thickness and quality, also the high quality seed wafers can be reused many times, 
thus reducing the final cost o f the SOI fabrication process. Furthermore it is now possible to  achieve
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w ith  a high efficiency and control, silicon layers thicknesses ranging between 5nm and 1.5 microns 
were the buried oxide thickness vary from  5nm to 5 microns. This is crucial fo r silicon photonic 
devices, where subm icrometer waveguides also called nanowires necessitate th icker (>1.5 microns) 
buried oxide layers to  avoid leakage of the light into the slab.
2.2.2 Introduction to Silicon based waveguides
SOI wafers provide a natural 1 dimensional wave guiding material. Furthermore, the buried oxide and 
the air, w ith  respectively 1.44 and 1 as refractive indices, provide high aspect ratio confinement 
layers compared to  silicon w ith  a refractive index o f around 3.5 for the wavelength o f interest which 
is here 1.55 m icrometers. Planar waveguides are not convenient and are lim ited fo r practical use, 
and fo r many applications, 2 dimensional confinement is required. This is obtained in silicon by 
etching a tw o dimensional waveguide, the most commons being strip and rib waveguides. The cross 
section o f the waveguides is shown in Figure 2-5.
Waveguide
width
Strip width
< > Strip Height 
0.2-> 0.4 
X microns
Above 1.5 
microns
Buried oxide
■
Etch
depth
0.5->2
microns
Figure 2-5: Waveguide geometry cross section
The top cladding material can be formed by air or another dielectric material w ith  a refractive index 
lower than tha t o f the silicon form ing the waveguide, thus form ing what one can call a buried 
waveguide. Whatever the structure may be, all rectangle waveguides confine waves in lateral and 
horizontal dimensions and waves are essentially bounced back and fo rth  between the surrounding 
boundaries formed by the change in refractive indices. Hence the light is confined in 2 dimensions in 
the material o f higher refractive index which is in this case silicon. The 3rd dimension o f the structure 
is the propagation direction tha t provides a path fo r the light.
Now tha t the physical characteristics o f a basic waveguide are described, it is obvious tha t fo r a 
specific wavelength, the size and shape w ill affect the state o f the light propagating along it. In the
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case o f interest, the beam o f light is single wavelength, coherent and polarised in the X or Y direction 
also called TE and TM polarisation respectively, where X is defined in the same plane as the 
horizontal cross section o f the waveguide and Y is defined in the same plane as the vertical cross 
section o f the waveguide. These intrinsic characteristics induce the concept o f m ultim odal 
propagation, propagation constant fo r a given mode and polarisation, polarisation independence, 
and power confinement. Those parameters are particularly im portant as in order to  achieve high 
quality active or passive optical devices, waveguides obtaining single mode conditions fo r both 
polarisation and achieving a similar propagation constant fo r TE and TM polarisation, also called 
birefringence free conditions are o f utmost importance. Those conditions are approached by 
adapting the structural parameters o f the waveguides (etch depth, height and w idth) and can be 
calculated using analytical or numerical methods. A numerical mode solver can be used to  calculate 
those parameters such as the fully-vectorial Finite difference method [22], solving the wave equation 
fo r the main and weak components.
2.2.3 Silicon properties and modulation mechanisms
Silicon is one o f the most studied semiconductors and literature is w idely available. Due to  its 
structural crystalline or amorphous properties, silicon exhibits intrinsic optical properties defined by 
the crystal symmetry and the bandgap energy. These properties will define the relevant approach 
used to  manipulate or affect light in silicon through the use o f an electric signal.
2.2.3.1 Properties of silicon
Silicon is a centro symmetric indirect bandgap semiconductor w ith  a bandgap energy o f 1.12 eV, 
which means tha t optical absorption occurs below the wavelength o f 1.1 microns. Macfarlane et al 
(1959)[23] measured the absorption edge at increasing tem perature, as shown in Figure 2-6.
0 . . , - r , . , . -- r - r r . . . . . .  , . . . .
0,95 1,00 1,05 1,10 1,15 1,20 1,25 1,30
Photon energy hv (eV)
Figure 2-6: Absorption spectrum of high purity Si at various temperatures[23]
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It is interesting to notice that even at high temperatures, (415 Kelvin which correspond to 141.85 °C) 
the absorption band, shift towards lower photon energy and has a trend towards 0 (in terms of 
absorption) below 0.95 eV which correspond to 1.3 microns in terms of wavelength. Therefore even 
in a high temperature environment, often found in high speed processing circuits, silicon is suitable 
for the transmission of telecommunication wavelengths which are 1.3 and 1.55 microns. In order to 
achieve active devices in silicon one must envision the use of doping of different sorts to obtain P and 
N type areas. Varying the concentration of the doping will influence directly electrical properties of 
the device. The question is mainly to what extent will the doping influence the material and hence 
the propagation of the light. The concentration of free carriers affects both the real and imaginary 
refractive indices and the theoretical changes in absorption in semiconductors can be described by 
the well known Drude-Lorenz equation:
A a =
(
4 x 2c 3£ 0n
N, N,
Me(™ce)2 Mh(mch):
Equation 2-1
where e is the electronic charge; c is the velocity of light in vacuum; pe is the electron mobility; |ih is 
the hole mobility; mce* is the effective mass of electrons; mch* is the effective mass of holes; Ne is the 
free electron concentration; Nh is the free hole concentration; e0 is the permittivity of free space; and 
A0 is the free space wavelength.
Soref and Lorenzo[24] evaluated equation 2-1 for increasing hole and electron concentrations
varying between 1018 cm'* and 10^ cm'3. The data are presented in Figure 2-7.%20
holes
,20
Figure 2-7: Extra losses in silicon due to free carriers[24]
October 1, 2009
[HIGH SPEED SILICON ON INSULATOR PHASE MODULATOR
CHAPTER 2: INTRODUCTION TO SILICON PHOTONICS AND
MODULATION PRINCIPLES]
The general theoretical approach o f the Drude-Lorenz equation exposes an absorption increase when 
the carrier concentration increases. As a m atter o f example and according to  Figure 2-7 an injected 
hole and electron concentration o f 1018 cm '3 would correspond to  a loss of around 10.86 dB/cm. 
Spitzer and Fan (1957)[25] measured the free carrier absorption fo r varying n type doping and over 
a range o f wavelength going from  1 micron to  50 microns.
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Figure 2-8: Free carrier absorption vs. wavelength at different doping levels (n-Si)[25j.
Sample No. Donor impurity N m »k (cm *) N i (cm-1)
1 arsenic 1.4X1016
2 antimony 8.0X1016 0.95X1017
3 antimony 1.7X1017 5.5 X1017
4 phosphorus 3.2X1017 1.26X1018
5 arsenic tin alloy 6.1X1018 4.6 X1019
6 arsenic 1.0X1019 6.6 X1019
Figure 2-9: A list of the samples used with their donor impurities room temperature carrier concentrations
and impurity concentrations[25].
Figure 2-8 shows tha t increasing n type carrier concentration increases the absorption o f the light at 
the wavelength o f interest. Figure 2-9 represents the list o f samples tha t contribute data to  Figure 
2-8. If one compare the absorption coefficient o f Figure 2-7 and Figure 2-8, one can see tha t fo r a 
wavelength o f 1.3 microns there is a discrepancy of order 2 fo r the absorption coefficient due to
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electrons, where the Drude-Lorentz model absorption coefficient is twice as small as the one 
measured by Spitzer and Fan. In 1987 Soref and Bennett [26] studied results in the scientific 
literature and compared the theoretical results given by equation 2-1 to experimental results.
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Figure 2-10: Absorption in c-Si at 1.3 and 1.55 microns as a function of free electrons and free holes
concentration[26]
The comparison is shown in Figure 2-10, which shows the discrepancies between the Drude-Lorenz 
absorption equation and the experimental results. Based on the measured data, they produced 
expressions to evaluate the change in absorption due to a change in carrier concentration at 
wavelengths of 1.55 microns and 1.3 microns.
At A,0= 1.55 pm this expression is:
Acr =  Aa e +  Aa h =  8.5 x  10~18ANe +  6 x  1 0 "18ANh Equation 2-2
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Similarly at X0 = 1.3 pm:
A a =  A ae +  Aah =  6 x  10“18ANe +  4 x  10~18ANh Equation 2-3
Where ANe is the change in free electron concentration, ANh is the change in free hole 
concentration, Aae is the change in absorption resulting from change in free electron carrier 
concentrations, Aah is the change in absorption resulting from change in free hole carrier 
concentrations.
Applied to the measured absorption results from Spitzer and Fan (1957)[25], the equations provided 
by Soref and Bennett [26] give good agreement. This enables an accurate modelling of devices where 
the losses due to free carriers may then be taken into account.
Now that the fundamentals of the silicon as a semiconductor and as a base optical material have 
been established, it is necessary to give a summary of the possible ways to affect the light in silicon 
waveguides by the mean of an electric signal.
2.23.2 Electro-optic effect
Electro optic effects are changes in the material of the real or imaginary refractive indices caused by 
an applied electric field. The Pockel's effect represents a change in the real part of the refractive 
index varying linearly with the electric field. This process is also called electrorefraction. This effect is 
only present in non-centro-symmetric crystals and is useful in materials such as Gallium Arsenide 
(GaAs) or Lithium Niobate (LiNb03). Unstrained silicon is centro symmetric and does not display any 
first order pockels electro optic effect. Nevertheless Jacobsen et al [27] in 2006 applied strain on 
silicon by depositing a layer of silicon nitride. This had for effect to deform the crystal structure, and 
then increase the asymmetry of the silicon crystal. It resulted in a linear electro-optic effect that they 
demonstrated in their experiment.
In 1987, Soref and Bennett [26] studied electro-optic effects in silicon. Two electro-optic effects 
available to silicon where studied, the Kerr effect and the Franz-Keldysh effect. The two effects 
behave in different ways on the light propagating in silicon. The Kerr effect is a second order electric 
field effect in which the change in real refractive index, An, is proportional to the square of the 
applied electric field. The change may be expressed as:
4-^ 'hW-
y m m
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A £ lAn = S32n 0 Equation 2-4
Where s33 is the Kerr coefficient, n0 is the unperturbed refractive index, and E is the applied field. In 
this case the sign of the refractive index change is not dependent on the direction within the crystal 
axis.
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Figure 2-11: The Kerr effect in silicon as a function of applied electric field[26]
The theoretical quantification of the refractive index change in silicon at a wavelength of 1.3 |im, as a 
function of the applied electric field is shown graphically in Figure 2-11. It can be seen from Figure 
2-11 that the change in refractive index, An, is predicted to reach 10'4 at an applied field of 106 
Volts/cm (100 Volts per micrometre), which is above the breakdown field for lightly doped silicon. 
This makes it impractical to use the Kerr effect for modulation in silicon. Unlike the Pockels effect and 
the Kerr effect, the Franz-Keldysh effect gives rise to both electro refraction and electroabsorption, 
although primarily the latter. The effect is due to distortion of the energy bands of the 
semiconductor upon application of an electric field. In effect, this shifts the bandgap energy, 
resulting in a change in the absorption properties of the crystal, particularly at wavelengths close to 
the bandgap, and hence a change in the complex refractive index. Soref and Bennett[26] also 
quantified the changes in refractive index due to the Franz-Keldysh effect. Whilst all their data was 
not presented graphically, they plotted the change in refractive index as a function of the applied
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electric field at a wavelength of 1.07 nm, the wavelength at which the effect is greatest. They also 
plotted data at 1.09 pm for comparison. It should be noted, however, that the absorption edge band 
is situated at around 1.1 pm, as shown in Figure 2-6. Thus the effect diminishes significantly at the 
/ telecommunications wavelengths of 1.31 pm, and 1.55 pm. The data is shown in Figure 2-12.
1 0 -4
An
10“5
10” ®40  6 0  8 0 1 0 0  2 0 0  4 0 0
E (kV/cm)
Figure 2-12: The Franz-Keldysh effect in silicon[26]
From Figure 2-12, it can be seen that the refractive index change reaches 10'4 at an applied field of 
2x l05 Volts per cm (20 Volts per micrometre), which is better than that evaluated for the Kerr effect. 
Nevertheless, the measured wavelengths are not in the 1.31 pm-1.55 pm telecommunication range, 
and this makes this effect impractical to use for modulation in silicon.
2.Z.3.3 Therm o optic effect
The thermo-optic effect is an effect for which the refractive index of silicon is varied by applying heat 
to the material. The thermo-optic coefficient in silicon at the wavelength of 1.55 micrometer is[28]:
—  =  1 .86  x 10 “4 I K  Equation 2-5
dT
The relation in equation 2-5 gives an idea of the change in the refractive index incurred per °C 
increase in temperature. Therefore if the silicon can be raised in temperature by approximately 6°C 
in a controllable manner, the refractive index changes by 1.1 x 10-3, hence affecting the effective 
index of the light propagating in the silicon waveguide. In 2000 Clark et al [29] demonstrated that a 
500 micrometer long device using 10 mW of power could deliver a it phase shift whit in a waveguide
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thermally isolated from the substrate. A thermal change of approximately 7°C, was necessary to 
achieve this result which correspond to a refractive index change of approximately 1.3 x 10-3over 
the length of the device. It is important to notice that although the thermal effect is relatively 
efficient in terms of refractive index change, it is also a slow modulation process and consequently 
the high speed modulation required for the telecom market is unlikely to be demonstrated using this 
effect.
2.2.3A Plasma dispersion effect
We observed previously that the concentration of free charges in silicon contributes to the loss via 
absorption. The imaginary part of the refractive index is determined by the absorption (or loss) 
coefficient. Therefore it is clear that changing the concentration of free charges can change the 
refractive index of the material. We saw earlier that the Drude-Lorenz equation relates the 
concentration of electrons and holes to the absorption (euqation2-l). According to classical 
dispersion theory, free carriers will alter the real and imaginary parts of the Si dielectric constant. In 
optical terms, we say that the refraction and absorption indexes are changed by amounts An and Aa, 
respectively. The analysis of Moss [30] and Lubberts [31], generalized for two carriers showed that 
the corresponding equation relating the carrier concentration, N, to the change in refractive index, 
An, is:
The changes in refractive index and absorption coefficient due to injected carriers in silicon can be 
derived from the Kramers-Kronig relation between the real and the imaginary parts of the refractive 
index. The differential Kramers-Kronig dispersion relation is:
Where Aa(w) = a[u, AN) -  a{w, 0), AN is the change in free-carrier concentration within crystalline 
silicon, c is the speed of light, co the angular frequency,
Soref and Bennett [26] used experimental data from the absorption spectra available in the literature 
(shown in Figure 2-13) and euqation2-7 to compute the integral and consequently the dependence 
of the change in the refractive index with carrier concentration. The data representing the carrier 
concentration absorption dependencies are shown in Figure 2-10 and the resulting refractive index
U 2c 2£ 0n { m : e m]h ,
Equation 2-6
n QJ ©i -  a
Equation 2-7
, October i ,  2009^
[HIGH SPEED SILICON ON INSULATOR PHASE MODULATOR
CHAPTER 2: INTRODUCTION TO SILICON PHOTONICS AND
MODULATION PRINCIPLES]
change is shown in Figure 2-14. From those data, they produced expressions relating the refractive 
index change and absorption coefficients change due to injection or depletion of carriers in silicon at 
both 1.3 and 1.55 micrometer wavelengths. These expressions are now almost universally used for 
carrier concentration dependant evaluation of optical modulation in silicon. The expression for 
absorption at both 1.3 and 1.55 micrometer wavelengths is shown in equation 2-2 and equation 2-3.
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Figure 2-13: Silicon absorption spectrum use by Soref and Bennett [26]
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Figure 2-14: Carrier refraction change in c-Si at 1.3 and 1.55 microns as a function of free electrons and
free holes concentration[26]
The expressions for the change in refractive index are:
At A,0= 1.55 pm :
An =  Ane +  Anh =  - [ 8 .8  x  10~22ANe +  8.5 x  K T 18^ ^ ) 0-8] Equation 2-8
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Similarly at XQ = 1.3 pm:
An =  Ane +  Anh =  - [6 .2  x  10~22ANe +  6 x  l ( r 18(AWh) 0-8] Equation 2-9
Where ANe is the change in free electron concentration, ANh is the change in free hole 
concentration, Ane is the change in refractive index resulting from change in free electron carrier 
concentrations, Anh is the change in refractive index resulting from change in free hole carrier 
concentrations.
It is interesting to note that for the plasma dispersion effect, the change in refractive index occurs 
over a wide range of wavelength and also at the wavelengths of interest which are 1.3 micrometers 
or 1.55 micrometers. Furthermore, it does enable the fabrication of CMOS compatible active devices 
in silicon, where a relatively low carrier concentration change, in the range of 1 .1 0 17/c m 3 to 
1 .1 0 18/c m 3 enables a refractive index change between 1.10 '4 to 3 .1 0 '3. We will show later that using 
the plasma dispersion effect and specific device structures, it is possible to achieve high speed 
modulation in silicon.
2.3 Interferometer and Resonator used for modulation
Optical modulation is generally achieved through amplitude modulation. The devices proposed in 
this thesis generate a change in the real and imaginary part of the refractive index that induce over a 
specific length a phase shift as well as a variation in the optical power. In order to obtain an 
amplitude modulation through the use of phase shifters it is necessary to insert them in an 
interferometer or a resonator. Two structures were chosen in this work, the Mach Zehnder 
interferometer and the ring resonator. In both devices an active phase shifting area is inserted, 
where a variation of the optical output power will result when a bias voltage is applied.
2.3.1 Mach Zehnder interferometer
Typically a Mach Zehnder interferometer (MZI) is composed of two Y branches splitting the power 
equally at the input of the device and recombining the light from the two branches at the output. An 
example of the device functioning principle is illustrated Figure 2-15 . In this example a MZI 
modulation is obtained by changing the phase relationship between the two arms and creating a 
constructive "on state" or destructive "off state" interference at the output of the second y junction. 
To create a phase difference, a phase shifter is deployed in one or both arms of the device and the 
output optical signal is altered by application of a voltage bias to the active area. In an ideal MZI
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structure, the maximum extinction ratio is achieved when a phase difference o f 180 degrees is 
observed between the tw o  arms.
Input waveguide
Input waveguide
On state
O ff state
Figure 2-15: Mach Zehnder interferometer on and off state
To review the MZI operation in a more analytical fashion lets define the electric field in arm one and 
tw o  as:
Ei  — Eo*™ ~  /^iz ) Equation 2-10
E2 = F0sin (oit -  P 2z) Equation 2-11
Where is the amplitude of the electric field intensity, are the propagation constant in the z 
direction fo r both arms, t  is the tim e and the angular frequency. These tw o equations assume 
identical field amplitude w ith  d ifferent propagation constants implying tha t when they recombine 
these tw o fields might display a phase difference. The output intensity is given as:
S T =  ( E t  +  E 2 )  X ( # 1  +  H 2) =  S 0 { E ± 4- E 2) 2 Equation 2-12
Giving the value and to d ifferentia te the length of both branches o f the MZI and developing 
the above expression we obtain:
ST Sr,
( f p 2 s in 2[o)t  P i  1*1))
+ (E02sin2( W - /? 2 i 2))
+  ( 2 E 02 s i n ( a ) t — P 1 L1)sin(& jt — P 2 L2A Equation 2-13
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Transformed in the trigonometric form we obtain:
2  [~i-cos(2a)t-2/?! L-l)
ST =  S01I | ^ 2  p.-CQS(26J t-2/?2 Lz) | j I
L + (E 02(cos(/?2 L2 -  f a  L i ) )  -  cos(2tu£ - f a L 2 -  f a  f a ) ) l
Equation 2-14
By simplifying the above equation and only keeping the time average equivalent we obtain:
This define the transfer function of the MZI where a maxima is achieved when (/?2 fa  — fa  fa )  which 
is the length and propagation constant difference between both arms result in a phase difference of 
a multiple of I n  and where at the contrary a minima is achieved when the difference is a multiple of
71.
It is important to note that this theoretical result relies on the fact that the loss factor in both arms is 
equivalent, which leads to the conclusion that the modulation depth or modulation index 7] =  1 
where tj is defined as:
Where Imin is the minimum transmitted intensity and 70 the value of intensity / when no electrical 
signal is applied. In silicon on insulator modulators based on the plasma dispersion effect, the change 
in carrier concentration will induce a change in the real and imaginary part of the refractive index. 
This means that a phase difference induced through the plasma dispersion effect will necessarily 
induce an imbalance in terms of power between the two arms decreasing the modulation index 
accordingly. To reduce this issue it is common to introduce a phase shifter in both arms of the 
modulator such that the optical losses induced by the free carriers situated in both waveguides are 
equivalents.
The MZI is usually preferred as a modulator structure because of its broadband properties and that 
an identical design will accommodate a wide range of optical frequencies. It is also relatively
ST — 50[£'02(1 +  cos(/?2 fa — fa  7<i))] Equation 2-15
  Uo frninl Equation 2-16
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insensitive to  tem perature variations as compared to  resonators. Nevertheless the MZI structures are 
relatively long depending on the materials and effects in use fo r m odulation, and have lengths 
varying from  hundreds o f microns to  the centimetre range.
2.3.2 Ring resonators
Dimensions, flexib ility  and high potential fo r integration make modulators based on ring resonators 
very attractive. The basic principle o f such a m odulator is to  tune the ring in and out o f resonance by 
slightly changing the refractive index o f the ring. To do so a phase shifter is inserted into the ring and 
by changing the refractive index o f the ring, the propagation length as well as the resonance 
spectrum is modified. Furthermore the concept o f detuning a resonant device allow the fabrication 
o f much smaller modulator which are narrowband o ff course, but also very interesting in terms of 
integration and power consumption.
In order to  design a ring resonator m odulator it is necessary to  understand the basic principles of a 
single stage ring resonator filte r. The simplified schematic o f a single ring resonator is given Figure 
2-16.
Figure 2-16: Single ring resonator consisting of a straight waveguide and circle resonator
A straight forward model showing the functionality o f a single input ou tpu t ring resonator was 
described by A. Yarriv [32]and is summarised below. The model firs t consider the behaviour o f the 
directional coupler w ith  tw o assumptions: firs t the coupling is lim ited to  waves propagating in only
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one direction and secondly there is no loss inherent in the coupler. These assumptions defined, the 
coupler can be described in terms of two coefficients via unitary scattering matrix:
b i t  k  I CLi
^2 k * -t*1 a 2
Equation 2-17
Where %  and a2 are the input and output amplitudes in the waveguide and the ring respectively, t 
is the transmission coefficient, k is the coupling coefficient and b1 and b2 are the output and input 
amplitudes in the waveguide and the ring as shown Figure 2-16.
Equation 2-18
The coefficients of the matrix are related by:
|t|2 + |fc|2=l
The propagation around the ring is described by the equation:
a 2 =  b2Ke'® Equation 2-19
Where K describe the loss of the ring (K = 1 is a lossless ring) and 0 is the phase induced per 
circulation around the ring. Combining equation 2-18 and equation 2-19 solving for b^/a^ and 
squaring the results yield the normalised power in the output waveguide:
K 2+ \ t \2- 2 K \ t \  cos(d+(p) 
l + K 2\t\2—2K\t\  cos{6+(p)
Equation 2-20
Where (p is the phase form factor from t which is a complex value. The phase term (0 +  q>) can be 
defined in terms of physical values of the ring such as wavelength X , the group index N  defined 
later on and the circumference of the ring L:
2jt
( 6  +  (p ) =  —  N L  Equation 2-21A
Inserting equation 2-21 into equation 2-20 enables the modelling of a single input/output racetrack 
resonator:
K 2 + M2 -  2K\t\  cos I —  N L
X 8
1 + K 2\t\2 -  2 K\t\  cos I —  N „ L
Equation 2-22
m
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2.4 Silicon photonics a summary
Silicon seems to be perfectly suited to accomplish the tasks that optical and electronic integration 
requires. The SOI wafer platform provides CMOS compatibility, hence enabling high manufacturing 
throughput. Furthermore the high contrast index material provides transparency at the 
telecommunication wavelengths and high confinement of the light, which enables the fabrication of 
small footprint micrometer size devices. Finally the possibility to use the plasma dispersion effect to 
change the refractive index of the material enables the fabrication of active devices using CMOS 
compatible process technology. Those factors and the ever increasing demand for bandwidth 
required by computers nowadays is the reason why a silicon photonics has seen a worldwide 
increase of interest in the past few years.
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C h a p te r  3
3 Literature review
3.1 Introduction
Silicon modulators are as old as the field of silicon photonics, mainly due to the fact that they 
represent the core of silicon photonics applications, enabling high data rate transfer. Initial work on 
the basic waveguide technology, which was also one of the first devices to be studied, showed that 
such devices were viable. This section reviews some of the recent devices that have been studied 
since 2004. The field of modulation in silicon photonics is obviously much older, but a dramatic 
increase of performance, as well as device designs, in the last few years, changed the status of silicon 
photonics. The recent research enabled silicon to enter the field of high data rate commercial 
applications, which is why the review will mainly be focused on the recent advances and will discuss 
a selection of interesting and/or important devices. This review will also discuss important 
parameters for optical modulators such as the modulation bandwidth, the modulation depth, and 
the power consumption, and where possible these parameters will be included in the discussion for 
the devices considered.
3.2 A recent history of optical modulation in silicon
The earliest designs were based upon silicon guiding layers fabricated on doped silicon substrates (to 
form the lower waveguide boundary), the latter having a reduced refractive index via the plasma 
dispersion effect. Later Silicon-on-lnsulator (SOI) waveguiding structures became more popular due 
to the possibility of much stronger optical confinement. The first plasma dispersion modulator in 
silicon was proposed by Soref et al in 1987 [33]. This p+-n-n+ modulator was based on a single-mode 
silicon rib waveguide. It was found by modelling, that the interaction length of the modulator 
required for a n-radian phase shift, was less than 1 mm. The corresponding loss was less than 1 dB at 
A= 1.3 pm for both orthogonal polarisation modes. The authors noted that to first approximation, 
that the modulator was polarisation independent. It is interesting to note the buried 'block' of Si02 
below the waveguide, acting as the lower waveguide boundary. This is the early start of using buried 
oxide to fabricate low loss high contrast refractive index structures. SOI wafers are used almost 
universally today in silicon photonics, and as seen in chapter 2 is the base of silicon photonic circuits. 
In the late 90's, the reduction in device dimensions was a popular means of improving device
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performance. The w ork o f Ang et al. [34] proved to  be significant when in 1999, p-i-n modulator 
devices were proposed and modelled to  operate above 500 MHz. These were similar in design to 
previous devices o f Hew itt et al.[35, 36], and Tang et al.[37, 38], but smaller. The modulators w ith 
interaction lengths o f 500 pm were based upon transverse p-i-n structures in an optical rib 
waveguide w ith  a silicon thickness o f 0.98 pm. In that paper, the authors reported a theoretical npp 
device, w ith  doping concentrations o f 1020 cm'3, which required a drive current o f just 0.29 mA to 
achieve a n-radian phase shift, the lowest reported then. The corresponding current density was 112 
A/cm2. The response tim e was modelled to  be 0.81 ns (~430 MHz). Those findings represented a 
significant improvement in device performance from  those previously reported in the existing 
literature. Indeed, at the tim e o f this work [39], more and more researchers were recognising the 
benefits o f reducing the silicon overlayer thickness, not only in terms o f m odulator performance, but 
optical circuit performance in general.
Png et al. [40], later improved the work o f Ang et al. [39] by modelling devices o f sim ilar geometry 
(see Figure 3-1), but w ith  improved performance([41-43]). In particular a series o f devices were 
modelled w ith  bandwidths ranging from  70 MHz to in excess o f 1 GHz. The devices were based 
around a rib waveguide, approximately 1pm in height and between 0.5 pm and 0.75 pm wide. A 
feature o f these devices was the optim ised doping profile in the n+ regions to  optim ise injection 
efficiency. Png et al. [40] also reported the technique of pre-emphasis on critical device rise and fall 
times to  increase device speed, improving a device based on Figure 3-1 from  95 MHz to  5.8 GHz. 
Using such a scheme, a class o f devices w ith  nominal operating speeds o f 1 GHz could theoretica lly 
be switched in excess of 40 GHz[44]
An ode
500nm
y
1 . 0 8
C athode C athode
0 . 9
SO nm — 50 nm
0 . 5
SiO
12 1 2 . 0 5 12 . 55 12.6
Figure 3-1: Proposed 3-terminal rib waveguide device based on SOI
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In (2003), Irace et al. [45] modelled a 1.4 GHz operating bandwidth fo r a tw o  term inal Bragg reflector 
rib waveguide (Figure 3-2). This is essentially a fo llow  up work of Cutolo et al. [46] ,in a smaller 
waveguide. The device had a waveguide height and rib w idth o f 1 pm, etch depth o f 100 nm and an 
interaction length o f 3000 pm. These dimensions are a reduction from the original waveguide height 
and rib w idth o f 3 pm, etch depth of 45 nm, whilst the interaction length remains comparable (3200 
pm). Thus it can be seen tha t by reducing the silicon overlayer thickness and rib w idth, the device 
bandwidth increased from  MHz operation to  the GHz regime. Irace et al. [45] a ttributed this 
improvement in bandwidth to  tw o factors: decreasing and optim ising the device dimensions, and 
applying a pre-bias to  the m odulator to  an 'o f f  level (0.6 V) just below the turn-on voltage (0.8 V), 
which allowed faster movement o f the injected carriers.
Longer devices hinder high integration levels and hence increase cost. Consequently, Barrios et al. 
[47] modelled a m odulator based on a Fabry-Perot m icrocavity w ith  Bragg reflectors as shown in 
Figure 3-3 . The microcavity facilitates confinem ent o f the optical fie ld in a small region, and the 
transmission o f the device near its resonance is highly sensitive to  small index changes in the cavity. 
Thus the device required a low concentration o f injected carriers to  switch to  a non resonant 
position. The rib w idth  and silicon thickness were 1.5 pm, and the etch depth was 0.45 pm. The 20 
pm long device was predicted to  require a dc power of the order of 25 pW at an operating 
wavelength o f 1.55 pm, to  achieve a 31 MHz operating bandwidth w ith  transm ittance o f 86% and a 
modulation depth o f 80%. The authors also noted the merits o f using trench isolation reported by 
Hew itt et al. [35] and implemented this feature in the ir proposed m odulator device [47].
light in
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Figure 3-2: Schematic of the proposed 1 GHz Bragg modulator
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Figure 3-3: Fabry-Perot microcavity with high-reflectivity Bragg reflectors in SOI waveguide
The same authors [47] proposed another m odulator tha t was only 250 nm in height. The device, 
shown in Figure 3-4, consisted o f tw o uniform ly doped contacts, p+ and n+ at a level o f 1019 cm '3 and 
a distance of 200 nm from  the rib edge. The device slab thickness was 50 nm. The authors predicted 
tha t in order to  induce a refractive index change o f 10'3, a dc power o f 1.53 |iW /pm  was required. 
The switching tim e fo r this device was estimated to  be 1.29 ns. The dc power was one o f the lowest 
predicted to date, and this device reinforces the m erit o f reducing device dimensions.
r r  S i
B uried  oxide (BO X)
Si s u b s tra te
SiO
Figure 3-4: Proposed rib waveguide with an integrated lateral p-i-n diode[47]
In 2004, researchers from  the Intel Corporation experimentally demonstrated a silicon-based optical 
modulator w ith  a bandwidth tha t exceeds 1 GHz [48] fo r the firs t time. This was a m ajor m ilestone in 
silicon photonics and attracted huge media attention. Figure 3-5 shows a schematic o f the reported 
device. This device operates by the free carrier effect and bears a close resemblance to  a 
complimentary metal-oxide-semiconductor (CMOS) transistor. The device structure consists o f n- 
type crystalline silicon w ith an upper 'r ib ' o f p-type polysilicon. The n-type and p-type regions are 
separated by a th in insulating oxide layer. Upon application o f a positive voltage to  the p-type
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polysilicon, charge carriers accumulate at the oxide interface, changing the refractive index 
d istribution in the device. This in turn  induces a phase shift in the optical wave propagating through 
the device.
Metal contact 
p-Poly-Si J
1 x 1019
Oxide
0.9 urn2.5 pm
Gate oxide 1.4 pm1 x1 0 1y
6  ►x Silicon substrate
Buried
oxide
Figure 3-5: Schematic diagram of the silicon-based optical modulator demonstrated experimentally to 
exceed 1 GHz bandwidth fabricated using standard CMOS processing techniques[48]
The bandwidth o f the device (a single 2.5 mm long phase modulator) was characterised in tw o  ways 
in an integrated asymmetric Mach-Zehnder Interferom eter (MZI). The firs t technique was to  drive 
the device w ith  a 0.18 Vrms sinusoidal source at the wavelength o f 1.558 pm, using lensed fibres for 
coupling into and out o f the device. Figure 3-6(a) shows the normalised optical response o f the MZI 
as a function o f frequency (photoreceiver output voltage divided by on-chip drive voltage). Clearly 
the 3 dB bandwidth exceeds 1 GHz. The second test was the application o f a 3.5 V digital pulse 
pattern w ith  a dc bias of 3 V. A 1 Gbit/s pseudorandom bit sequence was applied to  the device and a 
high-bandwidth photoreceiver was used fo r detecting the transm itted optical signal. Figure 3-6(b) 
shows the optical signal fa ith fu lly reproducing the 1 Gbit/s electrical data stream. However, the on- 
chip loss fo r this device was rather high, at ~6.7 dB, and the device was also highly polarisation 
dependent due to  the horizontal gate oxide. Phase modulation efficiency fo r TE polarisation was 
larger than TM polarisation by a factor o f 7.
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Figure 3-6:(a) Optical response of the MZI modulator (Figure 3-5) as a function of frequency, (b) 
Pseudorandom bit sequence of a silicon MZI containing a single 2.5mm long MOS capacitor device (Figure
3-5) in one arm at a data bit rate of 1 Gb/s[48]
The authors also suggested several methods tha t may improve the device performance even further. 
The firs t was replacing the p-type polysilicon w ith  single crystal silicon, where the la tter was expected 
to  reduce on-chip loss by ~5 dB. Another suggestion was the reduction o f the device dimensions as 
the capacitance is reduced through such shrinkage. They also suggested using a graded doping profile 
in the vertical direction such tha t higher doping densities exist in the areas close to  the gate oxide 
and lower doping concentrations in the rest o f the waveguide. Furthermore the authors also 
reported tha t the ir modelling predicts tha t the device can be scaled to  operate at 10 GHz, offering 
very significant improvement o f silicon photonic devices.
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Figure 3-7: SEM cross section of the MOS modulator[49]
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A year later, Liao et al. [49], reported an improved version of the MOS optical modulator. Figure 3-7 
shows a scanning electron microscope (SEM) cross-sectional image of the phase shifter. This 
modulator is smaller than the previous one, and comprises a 1.0 pm n-type doped crystalline Si (the 
Si layer of the SOI wafer) on the bottom and a 0.55 pm p-type doped crystalline Si on the top, with a 
10.5 nm gate dielectric, a multi-layer stack of silicon dioxide and nitride, sandwiched between them. 
In the first version of the device, the waveguide cross-section was 2.5 pm x 2.3 pm and the top Si 
layer was poly-silicon (poly-Si), which is significantly more lossy than crystalline Si due to defects and 
grain boundaries [49]. In the improved device the poly-silicon was replaced by crystalline silicon via 
epitaxial lateral overgrowth (ELO), and the doping concentration was higher. In this smaller version 
of the phase shifter the mode-charge interaction is much stronger, which has, according to the 
authors, improved the VPLP coefficient by 50%. The authors reported a data rate of 10 Gb/s for the 
modulator with an extinction ratio (ER) of 3.8 dB. Data transmission measurements suggested 
bandwidth ranging from 6 GHz (ER of 4.5 dB) to 10 GHz. The authors explained that the 6 GHz 
limitation is due to the driver design and wire bonding, which decreased the cut off frequency.
Taking the same interferometer principle as used for Intel's device, Gan et al. [50] proposed a Mach 
Zehnder interferometer based on a Si—Si02 high-index contrast waveguide modulator. This device is 
based on a split ridge-waveguide that operates under forward biased conditions and shows corner 
frequencies of up to 24 GHz. Figure 3-8(a) shows the RF electrodes of the device and Figure 3-8(b) 
shows the actual device structure where to obtain single mode operation, the dimensions are d l = 
100 nm, d2 = 350 nm, d3 = 2 pm, d4 = 100 nm, h = 550 nm, w = 1 pm. The pin junction is forward 
biased with a dc voltage of 2 Volts and modulated with a voltage swing of 1 Volt. By varying the 
recombination lifetime inside the waveguide, simulations presented in this paper show that, with a 
carrier lifetime in the intrinsic region, on the order of ps, which could be set by lifetime doping or ion 
bombardment and operation in the saturation region where carriers travel at saturation velocity 
close to vs~ 107 cm/s, a phase shifter with a modulation frequency up to 24 GHz should be possible.
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Figure 3-8: (a) Externally biased MZ modulator with coplanar RF feeder, (b) Split-ridge waveguide pin- 
phase modulator with single-mode intensity profile [50]
As the trend towards minimizing the real estate o f devices continued, Xu et al. [51] reported a ring 
resonator using the waveguide structure proposed by Barrios et al. [47]. The diameter o f the device 
was 12 pm which according to  the authors was at this tim e 3 orders o f magnitude smaller than 
previously demonstrated. To use the ring resonator as a m odulator it is necessary to  operate at a 
single wavelength. Typically ring resonator modulators are operated between regions o f high 
throughput and low throughput in the resonator response. One way to  achieve such switching is via 
changes in effective index in the ring e ither changed through the plasma dispersion effect or 
thermally. Figure 3-9 shows a schematic o f the device, where the waveguide structure and electrical 
structure is the one proposed by Barrios et al. [47] and is based on carrier injection. In this paper 
the authors reported a drive voltage o f 0.3 Volts fo r dc m odulation. During modulation, the ring 
resonator m odulator is operated w ith  a peak to peak voltage o f 3.3 Volts and shows a m odulation at 
0.4 Gb/s greater than 15 dB. The authors also reported a data rate o f 1.5 Gb/s when the ring 
resonator is operated w ith  a peak to  peak voltage o f 6.9 Volts. Figure 3-10(a) shows an SEM image of 
the ring resonator. The waveguide is a rib structure, where the waveguide w idth is 450 nm and the 
separation in the coupling region is 200 nm.
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Figure 3-9: Schematic of the ring resonator structure[51]
Width = 450 nm
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Ring
Figure 3-10: (a) SEM of the ring resonator, (b) Top view microscope image of the ring resonator[51]
In early 2007, Xu et al. demonstrated an improvement o f the previous device [52]. For this device, 
shown on Figure 3-11, the 5 p.m ring is form ed by silicon near-strip waveguides w ith  a height o f 200 
nm and the w idth  o f 450 nm on top o f a 50 nm-thick slab layer. The distance between the ring and 
the straight waveguide is around 200 nm. Furthermore, compared to the previous an additional n+ 
doped region is added outside o f the straight waveguide to  form  a nearly closed loop p-i-n junction, 
and the distance between the doped regions and the edge o f the ring resonators and straight 
waveguides is reduced to  ~300 nm. Using a pre-emphasis signal (shown in Figure 3-12(a) and (b)) NRZ 
signal, they demonstrated the possibility o f decreasing fu rthe r the rise tim e and fall tim e o f the ring 
modulator, hence increasing the bandwidth of the m odulator to  12.5 Gb/s w ith  an extinction ratio of 
the signal o f around 9 dB. This follows the same principle proposed previously by Png et al [44].
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Figure 3-11: Schematic of the ring resonator structure and normalized transmission spectra of the
modulator proposed in[52]
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Figure 3-12: (a) Square-wave driving signals with (Pre-emphasis) and without (NRZ 2-4V) the pre­
emphasis. (b) The output optical power when the modulator is driven by voltage signals shown in (a)[52]
Late 2007 Green et al [53] from  IBM demonstrated a Mach Zehnder m odulator (MZM) based on the 
plasma dispersion effect and the injection of carriers in a nanowire rib waveguide. The cross section 
is shown in Figure 3-13. The waveguide is 220nm high and 550 nm wide w ith  a 185 nm etch depth. 
The slab was implanted to  a concentration o f lE 20 /cm 3 to  form  the P and N type resistive contact. In 
order to  achieve high speed modulation a Pre-emphasized electrical drive shown in Figure 3-14 a) 
was applied to  the device. The method was similar to  the one used in[52].
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Figure 3-13: (a). Cross-sectional scanning electron microscope image of the SOI p+-i-n+ diode 
nanophotonic rib waveguide used. (b). Electrical I-V trace taken for a modulator with LMZM= 
100 pm, illustrating a low forward resistance of 49 ft.[53|
5 G b/s NRZ
Figure 3-14: a). Pre-emphasized electrical 
drive signal at 5 Gb/s. Transitions between 
0 and 1 bits have large amplitude, while 
consecutive 0’s or l ’s are suppressed, (b) 
Corresponding optical signal at the output 
of a LMZM = 100 pm modulator.[53]
Figure 3-15: Eyeline diagrams of NRZ optical data 
signals (PRBS 27- l)  produced by several 
ultracompact MZM devices, (a) LMZM = 100 pm 
modulator operating at 5 Gb/s. (b) LMZM = 200 pm 
modulator operating at 10 Gb/s.[53]
The results obta ined where a measured VnL figure o f m erit o f 0.36 V.mm , w ith  a data rate o f 10 
G b it/s  fo r a length o f 200 m icrons shown in Figure 3-15 b) fu rthe rm ore  the RF pow er consum ption 
o f 51mW . This device was ano ther dem onstrated p roo f th a t a pre-emphasized m ethod was a way 
tow ards the  possibility to  achieve low  power, high effic iency and high speed m odu la tion  using an 
in jection type m odula tor.
Following a new approach and based on the Inte l's silicon Raman laser [54] Jones e t al. reported  a 
m odu la to r using the Raman e ffect [55], in which they dem onstrated lossless optica l m odu la tion  in a
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silicon waveguide. The device is shown in Figure 3-16, as a schematic and in Figure 3-17, as a fron t 
view SEM picture. To achieve net Raman gain in a silicon waveguide, high pump intensities are 
required and tw o-photon initiated free carriers have to be removed from  the intrinsic region o f the 
waveguide. To achieve continuous-wave (CW) Raman gain a reverse biased p-i-n device is embedded 
in a silicon waveguide to  sweep out the tw o-photon induced free-carriers. The electrical structure of 
the proposed device illustrated Figure 3-16, which shows the position o f the p-i-n diode inside the 
waveguide. The doping concentration fo r the p-type and n-type region is 1 x 1020 cm-3 and to 
increase the interaction length, hence achieving a larger to ta l Raman gain, the waveguide form ed an 
S-shaped curve. The to ta l length o f the waveguide was then 4.8 cm w ith  a bend radius o f 400 |im . In 
order to  characterise the DC gain measurements, a CW pump laser em itting around 1548.3 nm was 
amplified using tw o EDFAs to  a maximum output power o f 3 W. The probe laser situated at the 
Stokes wavelength o f 1684 nm was a 2 mW external cavity tuneable diode laser. For this device the 
authors reported a net gain o f 3.5 dB fo r a power pump o f 945 mW and showed tha t a modulation of 
5 dB of the net gain should be achievable w ith  a 0 to  8 Volts reverse bias voltage swing. A maximum 
bandwidth o f 80 MHz was reported fo r a reverse bias of 0.5 to  3.5 Volts swing, w ith  a pump power of 
283 mW where the m odulation depth was 0.3 dB. The authors stated tha t the m odulation depth 
could be improved by using the index change due to the free carriers in an in terferom eter such as a 
MZI and offered the possibility o f a lossless planar waveguide switch or m odulator based in silicon.
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Figure 3-16: Schematic of the Raman device, showing the electrical structure and dimensions of the
waveguide[54]
October 1, 2009
[HIGH SPEED SILICON ON INSULATOR PHASE MODULATOR
CHAPTER 3: LITERATURE REVIEW]
F18_S4S00 3.0kV 4 1 mm x10.0k SE(U) 12/29/2004 5 00um
Figure 3-17: SEM image of the waveguide and the p-i-n electrical structure used in the experiment[54]
In order to  increase the bandwidth further, a sub-m icrometer m odulator based on the depletion of a 
p-n junction was proposed in 2005 by Gardes et al. [56]. In common w ith  the MOS capacitor [48], the 
depletion type phase shifter is not lim ited by the m inority carrier recombination lifetim e and is based 
on the principle o f removing carriers from  the junction area when applying a reverse bias. Figure 3-18 
shows a four term inal asymmetric pn structure, where the concentration of n-type doping is much 
higher than the concentration of p-type doping. The reason fo r such a structure is firs tly  to  minimise 
the optical losses induced by the n-type doping and secondly to  enhance the depletion overlap 
between the optical mode and the p-type region, in order to  induce a better phase sh ift to  length 
ratio (phase efficiency).
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Figure 3-18: Schematic of a four terminal depletion type modulator[56]
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The carrier concentration variation in this kind of device is not uniform, as can be seen in the 
predictions of the refractive index change in the waveguide shown in Figure 3-19, and arises on both 
sides of the junction over a width of around 200 nm. One way to optimise the device is by increasing 
the overlap between the optical mode and the p-type depleted region. The main advantage of using 
depletion is obviously the very fast response time, simulated to be 7 ps for this modulator. This 
corresponds to an intrinsic bandwidth of approximately 50 GHz. The device proposed in [56] is 2.5 
mm long and operates with a reverse bias swing of 5 Volts in a push-pull configuration as part of a 
Mach Zehnder interferometer (MZI).
Figure 3-19: Left: Variation of the refractive index in the waveguide. Right: Rise and fall time for TE and
TM
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In 2007, following the same principle Liu et al. demonstrated in a pn junction based silicon optical 
modulator [57]. Figure 3-20 and Figure 3-21 show the schematic of the modulator as well as an SEM 
picture of the modulator cross section.
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Figure 3-20: (a) Top view of the proposed MZI modulator, (b) Cross sectional view of the modu!ator[57]
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Figure 3-21: SEM of the cross section of the optical modulator in[57]
The m odulator shown in Figure 3-20 comprises a p-type doped crystalline silicon rib waveguide 
having a rib w idth of ~0.6 pm and a rib height o f ~0.5 pm w ith  an n-type doped silicon cap layer ~1.8 
pm wide. This cap layer o f around 0.1 pm thick is form ed using a non-selective epitaxial silicon
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growth process and is used fo r the form ation o f the n-doped electrical contact. The p-doping 
concentration is about 1.5 x 1017 cm'3, and the n-doping concentration varies from  around 3 x 1018 
cm '3 near the top  of the cap layer to  1.5 x i o 17 cm '3 at the pn junction. A good ohmic contact is 
ensured between the silicon and the metal contacts by tw o slab regions, which are situated 1 pm 
away from  both sides of the rib edge, and a cap layer region at about 0.3 pm away from  the rib edge. 
Those three regions are heavily doped w ith  a dopant concentration o f 1 x IO20 cm '3.
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Figure 3-22: Phase shift against reverse bias for different length of the active area of the phase shifter[57]
Figure 3-22 shows the phase shift against voltage o f the phase shifter fo r three d iffe ren t lengths, tha t 
results in a modulation efficiency (where Vn is the bias voltage required fo r n  phase shift and Ln is 
the device length) o f approximately 4 V.cm. The modulation bandwidth was also measured on a 1 
mm long phase shifter and Figure 3-23(a) shows tha t the MZI m odulator has a 3-dB ro ll-o ff frequency 
o f ~20 GHz. Figure 3-23(b) shows the eye diagram at a bit rate o f 30 Gb/s, when using a pseudo 
random bit sequence w ith  231-1 pattern length as the RF source. In October 2007 Liao et al 
[58]demonstrated a 30 GHz, 40 Gbit/s m odulator based on the same structure but w ith  a travelling 
wave term ination reduced to  14 Q. The Frequency response and eye diagram is shown Figure 3-24. 
To date this is the fastest reported experimental optical m odulator in silicon on insulator based on 
the plasma dispersion effect, although the modulation depth was only of the order o f ld B
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Figure 3-23: (a) Represent the response of the modulator as a function of the RF frequency for a 1 mm 
active area, (b) Optical eye diagram of the modulator with a 1 mm long active area[57]
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Figure 3-24: (a) Represent the response of the modulator as a function of the RF frequency for a 1 mm 
active area, (b) Optical eye diagram of the modulator with a 1 mm long active area[58]
The general trend in silicon photonics is towards devices using sub-m icrom eter waveguides to  
achieve good phase and power efficiency, as well as to  improve the speed and reduce the real estate 
of devices. The stage, where integration o f photonic devices and electronics circuits on the same chip 
is becoming a major milestone in silicon photonics. In Early 2006, Gunn et al. [59] demonstrated 
modulation in a both Mach Zehnder in terferom eter (MZI) and a ring resonator w ith  a data rate up to 
10 Gb/s. The authors stated that the m odulator drivers were integrated on the chip, but did not
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provide any details about the electronics or the technology used to  change the effective index of the 
mode in the waveguide. The inform ation provided in [59] indicates tha t the waveguides are 500 nm 
wide and have a cross sectional area o f 0.1 pm 2. Figure 3-25 shows a top view from  the MZI, where 
the dashed lines show the optical waveguide structure buried in the silicon and the driver input pads 
on the left, supply rails across the top and term ination pads on the right. Figure 3-26 shows an eye 
diagram, when the m odulator is operated at 10 Gb/s and the frequency response which shows a 3 dB 
cut o ff frequency at 10 GHz. The authors also stated tha t the typical extinction ratio was 5 dB when 
the m odulator is driven at 2.5 Volts.
Figure 3-25: Photograph of the Mach Zehnder interferometer [59]
Figure 3-26: silicon optical modulator 10 Gb/s eye diagram and frequency response[59]
As mentioned above, Gunn et al. [59] also demonstrated a ring resonator modulator. The top view of 
the metal contact is shown in Figure 3-27. The ring was used as a tuneable notch filte r where the
Frequency (GHz)
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frequency response is shown in Figure 3-29 and centred between 1524 nm and 1525 nm. The ring 
radius was 30 p.m and was a major improvement in terms of real estate compared to  the MZI 
modulators which occupy approximately 2 mm 2. Figure 3-28 shows the eye diagram of the ring 
resonator m odulator operated at 10 Gb/s and the frequency response which shows a cut o ff 
frequency o f around 10 GHz.
Figure 3-27: Photograph of a ring resonator modulator with RF probe pads[59]
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Figure 3-28: resonator modulator 10 Gb/s eye diagram and frequency response[59]
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Figure 3-29: Wavelength response of the drop port and through port of the ring resonator[59]
In a more recent publication [60] relating to  the device proposed by Gunn et al., Huang et al. 
described the effect used in the optical m odulator to  be based on the free carrier plasma dispersion. 
The transducer was a reverse biased lateral PIN diode similar to  tha t proposed by Gardes et a l[56], 
where modulation was obtained when m ajority carriers are swept in and out o f the optical mode by 
an electric field. The m odulator has a length o f 2 mm and a performance o f about 50 /m m /V /a rm . As 
high speed modulation was based on m ajority carriers, the device was entirely lim ited by RLC 
parasitics. The diode was driven using a traveling wave electrode design, where the diode junction is 
designed as part o f the microwave transmission line. The geometry o f the traveling wave electrode 
was chosen such tha t the electrical group velocity and the optical group velocity were approximately 
matched. The transmission line itself had an impedance of below 25 Q, but when loaded w ith  the 
diode, the to ta l system achieves 25 Q.
The trend in silicon photonics, in the last few  years has been to  reduce waveguide size to  obtain 
maximum gain in the real estate o f devices as well as to  increase the performance o f active devices 
and to  reduce power consumption. Using d ifferent methods fo r the modulation, optical modulators 
in silicon have seen the ir bandwidth increased to  reach m ulti GHz frequencies. In order to  simplify 
fabrication, one requirem ent fo r a waveguide, as well as fo r a m odulator, is to  retain polarisation 
independence in any state o f operation and to  be as small as possible. In 2006, Gardes et al. [61] 
proposed a way to  obtain polarisation independence and improve the efficiency o f an optical 
modulator using a V-shaped pn junction based on the natural etch angle of silicon, 54.7 degrees. This 
m odulator was compared to  a fla t junction depletion type m odulator o f the same size and doping
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concentration. The proposed modulator was a pn junction formed in a V-shaped structure, as shown 
in Figure 3-30. This structure to which this was compared [61] is shown in Figure 3-31.
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Figure 3-30: V-shape pn junction optical modulator in silicon technology[61]
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Figure 3-31: Flat-shape pn junction optical modulator in silicon technology[61]
The simulations undertaken were to determine the conditions for polarisation independence of the 
waveguide during modulation. Figure 3-32 and Figure 3-33 show the phase shift achieved for 
different junction depths and voltages. Figure 3-32 shows the simulation resulting from the V-shape 
junction and Figure 3-33 shows similar results for the flat junction. In order to achieve polarisation 
independence during modulation the optimal positioning of the junction inside the waveguide has to 
be determined. Figure 3-32 and Figure 3-33 show the junction depth for both devices where 
polarisation independence is achieved. For the V-shaped junction the polarisation independence
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during modulation is achieved when the top of the V-shaped junction is situated at a depth of 0.87 
pm. The flat junction modulator achieves polarisation independence with a junction situated at 0.5 
pm from the bottom of the waveguide. This is situated at the rib/slab interface which can facilitate 
fabrication.
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The second parameter to extract from those simulations is that the maximum phase shift achieved at 
polarisation independence for both modulators is different. For a waveguide length of 5mm the V- 
shaped junction achieve a phase shift of 365 degrees (LtiVti = 2.5 V.cm) whereas for the flat junction 
the maximum phase shift is 290 degrees (LnVn = 3.1 V.cm). These results show that the V-shaped pn 
junction can achieve the same efficiency as the modulator proposed in [56] without the problems 
involved with submicron waveguides. The next step was to determine the bandwidth of both 
modulators. This is done by calculating the phase shift variation with transient time and is shown in 
Figure 3-38 and Figure 3-39 for TE and TM polarisation and for the V- and flat-junctions, respectively.
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Figure 3-34: Phase shift against transient time 
and TM for the V-shaped junction[61]
Figure 3-35: Phase shift against transient time 
and TM for the flat junction[61]
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The transients show tha t the rise and fall tim e are similar fo r the both types of junctions. For this 
type o f doping, the V-shape junction has a rise tim e of 13 ps and a fall tim e of 23 ps fo r both TE and 
TM. For the fla t junction the rise tim e is 12 ps and the fall tim e is 21 ps fo r both TE and TM. In both 
cases, this corresponds to  an intrinsic bandwidth in excess o f 15 GHz.
Based on the principle o f the depletion of a pn junction M arris-M orin i et al [62] demonstrated in 
2007 a low loss (5 dB insertion loss) lateral depletion modulator. The m odulator is inserted in a rib 
waveguide 400 nm high, 660 nm wide and 100 nm etch depth. Highly doped regions o f boron and 
phosphorus are situated on e ither side o f the rib waveguide and the junction is placed vertically in 
the centre o f the waveguide, which eases the fabrication process and removes the need fo r a top 
contact. The measured efficiency VnLn is 5.6 V.cm and the frequency performance o f the m odulator 
evaluated by applying an AC signal added to  a DC bias has a 3dB cu t-o ff frequency o f 1.4 GHz at 
1.55pm w ith  a 4-mm long phase shifter.
3  Boron doped
ground signal ground
1 JPhosphorus dopedBoron doped Intrisic region
oxide
Si substrate
b Boron doped (1018 cm 3) q
Intrisic region /
660 nm /  I 
\  100 nm
J 300 nm
oxide 1 pm
Si substrate
rib waveguide metal
input ♦ sst" % output
Figure 3-36: Cross section of the phase shifter structure integrated into a rib silicon-on-insulator 
waveguide, (a) Global view of the device with coplanar waveguide electrodes, (b) Phase shifter structure, (c) 
Intensity profile of the optical mode, (d) optical microscope view of the modulator. [63]
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Early 2008 Marris-Morini et al [63] demonstrated a similar device with improved performance, the 
device cross section and top view are shown Figure 3-36. For this device the efficiency VnLn is 5V.cm 
and the normalized optical response of the modulator is plotted in Figure 3-37 for a DC bias of -5 V. 
The amplitude of the AC signal used for the measurement was 2.8 V peak to peak and a 3 dB cut-off 
frequency of ~ 10 GHz was measured.
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Figure 3-37: Normalized optical response of the modulator [63]
In the previous devices, interferometers and high quality resonators were typically used to modulate 
the light, due to a relatively weak plasma dispersion effect. Thin quantum well structures made from 
lll/V semiconductors such as GaAs or InP exhibit a much stronger quantum-confined Stark effect 
(QCSE) mechanism [64], which allows modulator structures with optical path length in micrometers 
([65, 66]). The QCSE, at room temperature, in thin germanium quantum-well structures grown on 
silicon (Figure 3-38) has also been reported recently [67]. The QCSE in this structure is comparable to 
that in lll/V materials and the materials and the authors claim that the process is CMOS compatible 
although fabrication complexity is undoubtedly increased. QCSE devices have typical lengths of the 
order of 100 microns [68] and do not require carrier injection, as they are typically operated in 
reverse bias. The resulting low power dissipation, allows large arrays of devices at high data rates, 
and devices with operation bandwidths larger than 50 GHz have been reported in other 
materials[68]. This is very encouraging for high speed, low power, highly integrated electro­
absorption modulators in silicon photonics, although much more development is required.
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Figure 3-38: Schematic diagram of a p-i-n showing the structure of strained Ge/Si multiple quantum wells
grown on silicon on relaxed SiGe buffers[67]
Pushing the trend in scaling devices even further, a low power and level o f high integration has been 
achieved in silicon by using Photonic Crystal (PhC) MZI m odulator[69]. Photonic Crystals are a class of 
artificial optical materials w ith  periodic dielectric properties, which result in unusual optical 
properties. A photonic crystal waveguide is formed by introducing a line defect into a tw o 
dimensional slab ([70, 71]). The dispersion o f photonic crystal optical waveguides offers the 
possibility to  enhance the propagation constant by a factor larger than 100 ([69] , [71]). Therefore 
the active length o f a rib or strip waveguide can be reduced by the same factor, to  achieve the phase 
shift needed fo r modulation. The device shown in Figure 3-39 is proposed by Jiang et al. [69], and is 
modulated using a current in the range o f 100's micro Amps and a maximum voltage of 7.5 mV, fo r 
an active length o f 80 pm.
electrodes
Figure 3-39: Schematic of the MZI photonic crystal modulator, (a) electrodes, (b) photonic crystals, (c) rib 
waveguide y-junction, and (d) rib to photonic crystal junction[69]
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Figure 3-40: SEM micrograph of the silicon PhC modulator with overlayer thickness t = 215 nm. (a) 
Overview picture of the modulator, (b) PhC waveguide with two electrodes, (c) Y-junction, and (d) 
Magnified PhC waveguide based on a triangular lattice with lattice constant a = 400 nm, hole diameter d =
210 [69]
Gu et al.[72] fo llowed up on the results obtained by Jiang et al. [69] and reported high-speed 
operation using a PhC-based MZI having similar dimensions (lattice constant a = 400 nm, hole 
diameter d = 220 nm, overlayer thickness t  = 260 nm, and interaction length = 80 [tm). The active 
element is made up o f a p-i-n diode (Figure 3-41) in one arm of the MZI (Figure 3-42) w ith  both p- 
type and n-type concentration o f 5 x 1017 cm '3. The authors reported bit rates o f 2 M b/s and 1 Gb/s 
(Figure 3-43) w ith  modulation depths o f 85% and 20% respectively. Maximum DC m odulation depth 
o f 93% was obtained w ith  an injection current o f 7.1 mA. Interestingly, this level o f injection current 
is similar to  those devices reported by Tang et al.[38] in 1995 which has m ulti-m icron device 
dimensions. Gu et al. [72] reported the device could be fu rthe r improved by design optim isation, 
intrinsic region reduction, and fabrication to  enhance matching and reduce drive voltage.
October 1, 2009
HIGH SPEED SILICON ON INSULATOR PHASE MODULATOR
CHAPTER 3: LITERATURE REVIEW
Anode Intrinsic reg ion Cathode
Inn m il
Buried oxide
p* 1 N -
(a) Current in jection
Lateral e lectrodes -___
■ i  2pm W , = 4pm
P’ N (1) N*
Sx10ls/cm 1x10,s/cmJ 5x1019/cm3
Buried ox ide
Si substra te
(b)
Figure 3-41: Cross-sectional schematic of the active p-i-n diode (top), 2D model used in the
electrical simulation (bottom)[72]
Electrodes
Figure 3-42:Top view of the p-i-n-1 diode implemented into the photonic crystal-based MZI[72]
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Figure 3-43: Normalised optical intensity output at 2 Mb/s (a) and 1 Gb/s (b). The inset shows the 
he modulator optical output intensity against applied current[72]
Silicon has been lim ited as an optica l m ateria l fo r decades because o f a lack o f o r lim ited  active 
optica l properties. In a paper published in 2006, Jacobsen e t al. [27] dem onstrated a s ign ificant linear
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electro optic effect induced in silicon by breaking the crystal symmetry. The inversion symmetry of 
silicon crystal prohibits the existence o f a linear electro optic effect, hence by applying an asymmetric 
strain on the waveguide, the symmetry can be broken. Figure 3-44 shows the principle used fo r the 
proposed device [27], where a straining layer is deposited on the top of the waveguide. The 
proposed structure used a deposited silicon n itride glass layer (Si3N4) as a straining layer [73]. The 
amorphous Si3N4 is pre-compressively strained and hence tries to  expand the structure underneath in 
both horizontal directions, hence creating the asymmetry.
Figure 3-44: Applying strain to crystalline silicon, (a) Waveguide fabricated in the top layer of an SOI 
wafer, (b) The same waveguide with a straining layer deposited on top. The straining layer breaks the 
inversion symmetry and induces a linear electro-optic effect[27].
It is theoretically predicted [74] tha t the material nonlinearity [75] is enhanced linearly w ith  the 
group index. By using photonic crystals waveguides, an enlarged group index can be obtained, hence 
increasing the material nonlinearity. The proposed device has been designed to  achieve values above 
230 fo r the group index. Figure 3-45 shows the use of photonic crystal waveguides inserted in a Mach 
Zehnder interferom eter.
+ +
A PCW can be % 
used to enhance the 
light-matter interaction
Voltage
■ ♦ nIncident feJf 
light
Ground
Figure 3-45: Diagram of a Mach-Zehnder modulator. Incident light is split into two waveguides. The 
output amplitude depends on the phase difference at recombination. As shown at top right, in-phase 
recombination gives a ‘1’ bit output while anti-phase recombination[27].
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Although the enhanced non-linearity can be increased above 800 pm.V"1 fo r a specific wavelength 
and a specific photonic crystal waveguide [27], it is im portant to  make a fa ir comparison between 
d iffe ren t nonlinear materials. To do that, one must compare the material nonlinearity measured in 
[27], which is determ ined to  be approximately 15 pm.V'1 and the commonly applied non linear 
material, LiNb03. In LiNb03 the largest tensor component [76] is approximately 360 pm.V'1. However 
the authors stated tha t improvements in the material nonlinearity could be obtained if the silicon 
form ing the waveguide could be deformed more freely by using, fo r example, nanowires. The 
advantages o f using strain induced nonlinearities in a m odulator are fa irly obvious as the speed of 
such a device would not be lim ited by charge m obility or charge recombination. Furthermore only an 
electric fie ld is required and no current is needed, which is not the case in devices where changing 
the carrier concentration often requires a large ac current.
Early 2007 Liu et al. [77] presented a design o f m onolith ically integrated GeSi electroabsorption 
m odulators and photodetectors based on the Franz-Keldysh effect. The GeSi composition was chosen 
fo r optimal performance around 1550 nm. The proposed m odulator device was butt-coupled to  a 
Si(core)/Si02(cladding) high index contrast waveguides, and predicted to  have a 3 dB bandwidth of 
>50 GHz and an extinction ratio o f 10 dB. The advantage o f this design is tha t using the same device 
structure, a waveguide-coupled photodetector can also be integrated to  the waveguide. The 
photodetector proposed by Liu et al. has a predicted responsivity of >1 A/W  and a 3 dB bandwidth o f 
>35 GHz.
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Figure 3-46: Structure of the proposed monolithically integrated GeSi electroabsorption modulators and
photodetectors[77]
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As shown in Figure 3-46, the GeSi electroabsorption (EA) m odulator and the photodetector are based 
on the same structure, potentia lly allowing efficient m onolith ic process integration. Both structures
Si, and the ir height (H) and w idth  (W) can be designed to  obtain optimal device performance. The 
only difference in the dimensions o f the GeSi EA m odulator and the photodetector is tha t the la tter is 
longer than the fo rm er (L2 > LI) to  increase the absorption. The drawbacks o f such a structure are 
the d ifficu lty to  obtain e ffic ient bu tt coupling to  minimise losses due to the impedance mismatch 
between the strip waveguide and the m odulator as well as to  fabricate the vertical S i/Geo.9 9 2 5Sio.oo7 5 /Si 
p-i-n diodes.
From the above, it is clear tha t silicon optical modulators utilizing the plasma dispersion effect are 
capable o f reaching m ultiple gigahertz speed using changes in the optical properties o f the material 
via electrical signals. This is a huge im provement during a period when device operating speeds 
improved from  20 MHz in 2000 [78] to  1 GHz in 2004 [79], and latterly to  30 Gb/s in 2007[57]
The question lies herein: is it possible to  increase the operating speed o f silicon optical devices 
further? Perhaps utilizing o ther mechanisms? Recently, Hocberg et al. [80] exploited the Kerr 
phenomenon by inducing optical nonlinearities in the waveguide material using an intense 
modulation beam. The authors overcame the relatively weak ultrafast nonlinearities in silicon by 
cladding a silicon waveguide w ith  a specially engineered nonlinear optical polymer (Figure 3-47) 
based around a Mach-Zehnder in terferom eter (Figure 3-48).
are based on a vertical Si,Ge0.9 9 2 5 Sio.oo7 5 ,Si p-i-n diode w ith  a doping level o f 2 x 1019cm '3 in n+ and p+
Nonlinear polymer cladding
0.5 tum
Silicon Silicon dioxide
Silicon handle
Figure 3-47: Mode pattern of the optical signal in the silicon waveguide clad with a specially engineered 
nonlinear polymer. Contours are drawn in 10% increments of power[80]
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Figure 3-48: The gate (red) signal has its intensity modulation transferred to the source (blue) signal via non 
linear phase modulation in one arm of the Mach Zehnder interferometer [80]
The source signal is introduced to  the MZI by way of a beam splitter and in one o f the arms, a
m odulating gate signal is introduced by way of a 3 dB coupler. The nonlinear Kerr effect allows the
gate signal to  induce a phase shift in the source signal, which in turn allows the shifted source signal
to  interfere w ith the optical signal at the reference arm of the MZI, thereby causing an intensity
m odulation o f the source signal. According to  the authors, the demonstrated modulation frequency
of 10 GHz is lim ited by existing measurement equipment and they showed via indirect evidence
(spectral measurements) that the device can function into the terahertz range.
A key point to  note is tha t the authors took advantage o f efficient light confinem ent in the silicon 
waveguides and the highly nonlinear properties o f optical polymer. However, it remains to  be seen if 
such hybrid processes can be fu lly integrated into a CMOS process.
3.3 Summary
It is clear from  the foregoing discussion tha t silicon optical modulators have undergone a significant 
transform ation since the early work o f the 1980s w ith  a very steep increase in m odulation 
performance in the last 5 to  8 years. Device dimensions have been reduced to  allow operation at the 
market standard and above up to  40 Gb/s [58], and work is ongoing tha t predicts im provem ent o f 
the bandwidth in a near fu ture. This is already a significant achievement in a material tha t does not 
intrinsically exhibit a significant electric field based modulation mechanism (see chapter 2). W hilst
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these devices still have ground to make up on modulators in other material technologies, the 
possibility of producing all silicon optical circuits and subsequently integrating them with electronic 
circuits is a hugely attractive vision[6|. This will not only increase the application areas of silicon but 
will also enhance the electronic circuits of the future[l]. Hence silicon photonics and the research 
area of optical modulation in silicon is enabling the emergence of silicon as a candidate to become 
the photonics material of the future, and perhaps the platform upon which the next technological 
revolution will be built.
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C h a p te r  4
4 Device Modelling
4.1 Introduction
In order to understand principles of modulators and to define the figures of merit for their analysis
this chapter will be constructed in several stages. Basic electro-magnetic theory is at the beginning, 
to understand fundamentals of light propagation in dielectric media. Properties of light such as 
reflection, refraction, loss mechanisms and modes are of the outmost importance to understand and 
perform analysis of waveguide profiles. A second part will describe the semiconductor software used 
for the simulations. A third part of the chapter is devoted to the explanation of the process used to 
combine the different software in order to derive the main optical and electrical parameters from 
the simulated structures.
4.2 Electromagnetic theory of dielectrics
The laws of classical Electromagnetic theory rely on continuous propagation of light treating it as a 
wave. The main considerations treated in this chapter will be analysis without deeper considerations 
of effect where the quantum nature may be dominant as for emission or absorption phenomenon.
4.2.1 Maxwell equations
It can be shown that using the four basic laws of electromagnetic theory which are Faraday's law of 
EM induction, Gauss's electric law and magnetic law, and Ampere's law that there is a strong link 
between the electric field generated by charges and variable magnetic fields and the magnetic field 
generated by electrical current and variable electric field. The definitions of these laws are:
•  Faraday's law of EM induction
j>dz E • d l =  -  f£ ~  dS Equation 4-1
Faraday's law (Equation 4-1) only contains partial time derivatives; its application is restricted to 
situations where the test charge is stationary in a time varying magnetic field. The integral around 01 
is called a path integral or line integral of the electric field around a closed loop. The surface integral
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at the right-hand side of the Faraday equation is the explicit expression for the magnetic flux through 
I .  where B is the magnetic field and dS is an infinitesimal vector element of surface I .
•  Gauss's electric law and magnetic law
4> =  E. dS =  j -  f j  fv p dV  Equation 4-2
Gauss's electric (Equation 4-2) law relates the distribution of electric charge to the resulting electric
field. In its integral form the law states that the electric flux out of any closed surface is proportional 
to the total charge within the surface. The integral form of the law is shown in Equation 4-2, where $
is the electric flux, E is the electric field, dS is a differential area on the closed surface S with an 
outward facing surface normal defining its direction, p is the charge density at a point in V, £0 is the
electric constant and <j>s is the integral over the surface S enclosing volume V.
§SB. dS =  0 Equation 4-3: Gauss’s magnetic law
Gauss's magnetic law (Equation 4-3) states that the magnetic field B has divergence equal to zero. It 
is equivalent to the statement that magnetic monopoles do not exist. Rather than "magnetic charges 
or mono-pole", the basic entity for magnetism is the magnetic dipole. In Equation 4-3, S is a closed 
surface, B the magnetic field and dS is a vector, whose magnitude is the area of an infinitesimal piece 
of the surface S, and whose direction is the outward-pointing surface normal.
•  Ampere's law
B .d l =  ft ffA (J +  dS Equation 4-4
Ampere's law Equation 4-4 relates a line integral of the magnetic field around a closed loop S, with 
the total current passing within the contours of S. In Equation 4-4 we have (ps the closed line integral 
around contour (closed curve) S, B is the magnetic field in Teslas, dl is an infinitesimal element 
(differential) of the contour S (i.e. a vector with magnitude equal to the length of the infinitesimal 
line element, and direction equal to the direction of the contour S), JJ denotes an integral over the 
surface A enclosed by contour S. The double integral sign is meant simply to denote that the integral 
is two-dimensional in nature, p. is the magnetic constant, J is the current density, both bound and 
free, through the surface A enclosed by contour S, dS is the vector area of an infinitesimal element of
October 1,,2009/jf, * ’.
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surface S (i.e. a vector with magnitude equal to the area of the infinitesimal surface element, and 
direction normal to surface S. The direction of the normal must correspond with the orientation of S 
by the right hand rule, see below for further discussion).
Those four equations given in their differential form in terms of total charge and current represent 
together the complete set of Maxwell equation to describe electromagnetic field (see below).
dB p „  . AcV x E =   V .E = -  Equation 4-5
d t £
d E \
V X B ^  ( /  +  £„— ]  V.B=0
The wave equation can be derived in free space by taking the assumptions that the charge density 
p =  0 and the current density /  =  0 which gives:
dE
V.E=0 and V x B = ^ 0£oT~
dt
d B
Taking the curl of V x E = -— , we get:
i d ° \  j  d *E
F x ( 7 x £ ) = F x ( - — J and v  x  (v  x  £ )  =  ~HoS0- ^
I f we apply the vector identity:
V x ( V x E ) = V . ( V . E ) - V 2E 
As V.E=0 in free space this leaves us the wave equation for the electric field:
9 d2E .... _ 2 d2 d2 d2
^  =  where v = 6 ^ + s ? + azt
The wave equation for the magnetic field in free space is derived using the same assumption.
d E
Taking the curl of V x B = p 0£0 —  , we get:
dE d 2
V x  (V  x  B )=  V x  p0£0—  and V x  (V  x  B) = - p 0£0 —
I f  we apply the vector identity:
V x ( [ 7 x B ) = V .  ( V . B ) - V 2B 
As V.B=0 in free space this leaves us the wave equation for the magnetic field:
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u /,  _ 2 d2 d2 d 2
V* B =  lioeo W  Where 7 * =  —  +  —  +  —
To summarise the wave equation is defined for the electric and magnetic field as:
V2E =  - - - - - - -  and V2B =  — ^  where V =  .— — Equation 4-6
V2 d t2 V2 d t2 V i ^ o
4.2.2 The EM wave behaviour in a dielectric
The wave equation given above also applies for an isotropic homogeneous dielectric. In such a 
dielectric only the permittivity e and the permeability / 1 will be different, thus only the only term that 
changes in the wave equation will be the phase velocity V. In optics the ratio between the velocity in 
vacuum and the velocity in the material is given by the refractive index n where :
c I fl £   —
n =  — =  --------=  -yjnr£r or in a dielectric n =  w J e r  where fir =  1
v  jM o £o
In materials the phase velocity of the electromagnetic wave varies with the frequency. This is called 
dispersion or chromatic dispersion. In order to analyse the dispersion a permittivity and permeability 
depending on the wavelength must be taken into account where:
c
n =
V(X)
l ie
Ho£o
=  J  fir (X)er (X)
The dispersion can be calculated through the Sellmeier empirical equation, where the refractive 
index n is directly calculated against frequency in a transparent material. For silicon the dispersion is 
shown in equation 4-7
2 _      0.939816 . 0.009934nr  =  1 1 .6 8 5 8  + -jr.— r?  +  —— ‘ 2 Equation 4-7(Afcnt])2 (A[fim])2—1.22567 n
A second source of dispersion is due to the geometry of the waveguide itself and is called geometric 
dispersion. In this case the dispersion occurs when the speed of a wave in a waveguide varies with 
frequency for geometric reasons. In other words the waveguide confining structure stays the same 
but the wavelength changes, thus changing the confinement of the wave and hence its propagation 
speed. The geometric dispersion is specific to a particular waveguide shape and can be determined 
by calculating the effective index of the waveguide over a wide range of wavelength.
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An e lectrom agnetic wave is transverse by de fin ition , meaning th a t the e lectric and m agnetic vectors 
are perpendicular to  the propagation d irection  o f the  wave. W hen such a fie ld  encounters an 
in terface being fo rm ed by tw o  d iffe ren t re fractive indices, a Fresnel reflection  occurs[81]. The 
re flection  coeffic ien t depends on the polarisation o f the fie ld , the angle o f incidence o f the 
transverse wave as well as the  index o f refraction o f the tw o  media. W hen the  vecto r o f the  electric 
fie ld  is parallel to  the plane o f incidence the ligh t is said to  have a transverse e lectric polarisation 
(TE). S im ilarly when the same case arises fo r the m agnetic fie ld  vector, th is is called transverse 
m agnetic po larisation (TM).
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Figure 4-1: Demonstration of snell's law at the interface of two media with different refractive
indices.
The law describing the re lationship between the angles o f incidence and re fraction , and re fe rring  to  
light o r o the r waves, passing th rough a boundary betw een tw o  d iffe ren t iso trop ic media as 
illustrated  Figure 4-1 is called snell's law:
nlsin f? ! =  n2sinf?2 Equation 4-8
The Fresnel fo rm ulae predicting the reflection  and transm ission am plitude coeffic ien t fo r  polarised 
light in an anisotropic, hom ogeneous d ie lectric is w ritte n  as fo llo w  fo r TE and TM polarisation:
Reflection coeffic ients:
n l cos^-nZ  cos£2y-,-n2
TV IT ——
n l cos0t +n2 cos62 Equation 4-9
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n2 cos 8X -n l  cos 8Z 
rTM n l cosfi,+n2 cos^  Equation 4-10
Transmission coefficients:
2 n l cos0 i  r
t TF =    Equation 4-11
n l cos0i+n2 cos02
2 n l cos
t TM =     Equation 4-12
n l cos02+nZ c° s0 i
It should be noted that these coefficients are fractional amplitudes, and must be squared to 
represent fractional intensities for reflection and transmission. The square of the transmission 
coefficient gives the transmitted energy flux per unit area (intensity), and the area of the transmitted 
beam is smaller in the refracted beam than in the incident beam if the index of refraction is less than 
that of the incident medium. Taking the intensity area product both for the reflected and refracted 
beams; the total energy flux must equal that of the incident beam[82]. The power intensity ratio is 
given by the transmittance T and reflectance R where:
I r A co sd r  „ , I r  „  ..
R =   ----------- - Where 6r =  6; tl R =  Equation
i tA  cos e t r 1 k  4-13
l tA cos 6 t 
l tA cos 6 t
The relation IXA cos 6X is the power going through a specific surface A. The intensity is the energy 
density multiplied by the velocity at which the energy is moving or the energy density times the 
velocity of the wave, which is:
The velocity of the wave is Equation
Energy ^ 2 -  cnsn a ia
U  = ----- - \ E \ 2 c /n  hence the intensity is /  =  — — |Z;|2 4-1
density: 2
given by:
W here n  is the refractive index of the medium, c is the speed of light, £0 the permittivity of free 
space and l i th e  electric field. From this relation we can derive the reflectance and transmittance 
which are:
\E i2
R — t 2  W here t , r  =  Equation 4-15
n t cos6t _
T  =  ~ -------TLi C O S  9 i
Thus the reflectance and transmittance are different for TE and TM polarisation and are define by :
